In vertebrates, TFEB (transcription factor EB) and MITF (microphthalmia-associated transcription factor) family of basic Helix-Loop-Helix (bHLH) transcription factors regulates both lysosomal function and organ development. However, it is not clear whether these 2 processes are interconnected. Here, we show that Mitf, the single TFEB and MITF ortholog in Drosophila, controls expression of vacuolar-type H C -ATPase pump (V-ATPase) subunits. Remarkably, we also find that expression of Vha16-1 and Vha13, encoding 2 key components of V-ATPase, is patterned in the wing imaginal disc. In particular, Vha16-1 expression follows differentiation of proneural regions of the disc. These regions, which will form sensory organs in the adult, appear to possess a distinctive endolysosomal compartment and Notch (N) localization. Modulation of Mitf activity in the disc in vivo alters endolysosomal function and disrupts proneural patterning. Similar to our findings in Drosophila, in human breast epithelial cells we observe that impairment of the Vha16-1 human ortholog ATP6V0C changes the size and function of the endolysosomal compartment and that depletion of TFEB reduces ligand-independent N signaling activity. Our data suggest that lysosomal-associated functions regulated by the TFEB-V-ATPase axis might play a conserved role in shaping cell fate.
Introduction
The V-ATPase is a conserved 15-subunit enzyme that pumps H C across cell membranes. 1 V-ATPase ensures acidification of the endolysosomal compartment, an essential process for cargo trafficking, sorting and degradation during endocytosis and autophagy. In addition, V-ATPase-mediated acidification of secretory vesicles is necessary for secretion and, in neurons, for neurotransmitter release. In gastric, renal, and osteoclast cells, plasma membrane VATPase acidifies the extracellular milieu, supporting specialized function in the respective organs. 2 Recent evidence indicates that V-ATPase activity is central for the regulation of signaling pathways that control cell proliferation, patterning and survival. Indeed, we and others have demonstrated that V-ATPase is required for productive N and wingless (wg) signaling in Drosophila and mammals. [3] [4] [5] [6] [7] [8] [9] [10] However, it is unclear how V-ATPase activity might assist major signaling pathways that shape cell fate.
In vertebrates, TFEB, a member of the TFEB-MITF bHLH family of transcription factors, functions as a regulator of lysosomal biogenesis and autophagy in an axis with V-ATPase and MTOR that senses the nutritional status of the cell. [11] [12] [13] TFEB transcriptionally controls more than 400 lysosomal-and autophagy-related genes, including subunits of the V-ATPase by binding to specific E-box sequences (termed CLEAR sites) of target genes. 14, 15 In mammals, the TFEB-MITF family encodes 4 members: TFEB, TFE3, TFEC and MITF. Interestingly, MITF has been shown to be essential for eye development and for development of specialized cell types, including osteoclasts, melanocytes and mast cells. [16] [17] [18] Similar to TFEB, MITF and TFE3 transcriptionally regulate endolysosomal genes suggesting that the TFEB-MITF family might control organ development by regulating signaling in the endolysosomal system. 19, 20 Both MITF and V-ATPase have been implicated in a wide range of cancers but the functions that, when altered, contribute to tumorigenesis are currently obscure. 21, 22 A single ortholog of vertebrate TFEB-MITF transcription factors is encoded by the Drosophila genome. 23 Overexpression of Drosophila Mitf in eye imaginal discs perturbs eye development, suggesting that the functions of the TFEB-MITF family in tissue patterning are evolutionarily conserved. 24 Despite this, it is unknown whether Drosophila Mitf controls transcription of orthologs of TFEB target genes, including those encoding VATPase subunits, whether it controls endolysosomal biogenesis and autophagy and finally how it functions in regulation of tissue patterning.
Here, we show that Drosophila Mitf regulates lysosomal biogenesis and expression of multiple V-ATPase genes in vivo, indicating that Mitf is the Drosophila ortholog of vertebrate TFEB. Interestingly, we find that expression of Vha16-1 and Vha13, encoding 2 key subunits of V-ATPase follows N-dependent patterning, and that both are perturbed by Mitf misexpression in vivo. Experiments in human cells suggest that TFEB, VATPase and lysosomes are deeply connected with N signaling regulation. Our data indicate that the TFEB-V-ATPase axis might operate at the endolysosome as a conserved unit that supports N signaling during cell fate determination.
Results Drosophila Mitf is the functional ortholog of vertebrate TFEB
To explore whether Drosophila Mitf possesses functions of mammalian TFEB in vivo, we first characterized expression and function of endogenous and overexpressed Mitf in the wing imaginal disc of Drosophila melanogaster, an epithelial organ that will give rise to the adult thorax and wing ( Fig. 1) . By in situ hybridization, we observed that endogenous Mitf mRNA is expressed at low uniform level in wing disc tissue (Fig. 1A) . This finding was consistent with expression of endogenous Mitf protein (Fig. 1B) , using a specific antibody that we have generated ( Fig. S1A ; Material and Methods). Upon overexpression of both a functional Mitf and a dominant negative form that cannot bind DNA (Mitf DN) 24 in the wing pouch with Bx ms1096 -Gal4 (ms1096; Fig. 1B , Fig. S1B and C), large cytoplasmic puncta and nuclear localization in a subset of cells were detected ( Fig. 1C and D) . Approximately half of the puncta were positive for YFP-Lamp1, which localizes to lysosomes, 25 with a slight increase when Mitf is overexpressed (Fig. 1D , quantification in E). These data are consistent with the reported TFEB localization in mammalian cells. 26, 27 To test whether Drosophila Mitf promotes activation of catabolic pathways, we labeled acidified lysosomes in wild-type and Mitf-overexpressing discs with the acidophilic dye LysoTracker Red (LTR). Compared to the control, Mitf overexpression increased the size of LTR-positive puncta, indicating that Mitf might control lysosomal biogenesis ( Fig. 2A , quantification in B). To determine whether Mitf regulates autophagy, we labeled discs to detect ref(2)P (human SQSTM1/p62), and Atg8a (human MAP1LC3/LC3). Overexpression of Mitf led to a mild increase in the ref(2)P and Atg8a signal ( Fig. 2C and D) , relative to the basal low levels observed in control discs, suggesting that Mitf might affect autophagy. Finally, we find that overexpression of Mitf in the wing discs led to formation of a low number of apoptotic cells, as shown by expression of activated product of the gene Decay/caspase 3, which are normally not present in control discs (Fig. S1D) .
To assess whether Mitf acts as a master regulator of lysosomal gene expression in Drosophila, we took advantage of available GFP and YFP knock-in lines in the Drosophila orthologs of a subset of TFEB target genes (Fig. 3A) . We used 3 lines with insertions in genes encoding components of the cytoplasmic V 1 sector of V-ATPase: YFP::Vha55/V1B, GFP::VhaSFD/V1H, and GFP::Vha13/V1G. Two lines with insertions in genes encoding components of the membraneembedded V 0 sector: GFP::Vha16-1/V0c and GFP:: VhaAC45/AC45 (see Fig. 3B for a schematic of the VATPase). Finally, we used YFP::Lamp1, tagging the single Drosophila gene whose product is the ortholog of mammalian Lysosomal-associated membrane protein 1 (LAMP1). 25, 28, 29 Complementation analysis with existing mutants and deficiencies reveals that most knock-in lines in V-ATPase genes behaved as loss-of-function mutants (Table S1 ), but that all were viable and fertile in heterozygosis. The absence of dominant effects indicates that the exon traps can be used in heterozygosity to study regulation of expression in vivo.
To investigate whether Drosophila Mitf regulates expression of putative target genes, we overexpressed Mitf in wing discs and assayed expression of the tagged lines. All displayed variable upregulation upon Mitf overexpression, with the exception of YFP::Lamp1 (Fig. 3C) . Consistent with this, expression of the endogenous mRNA of the V-ATPase subunits analyzed was increased 4-to 5-fold upon Mitf overexpression, compared to the control or to expression of Mitf DN, when analyzed by Q-PCR. In contrast, expression of Lamp1, ref(2)P, or Atg8a, which are TFEB targets in mammalian cells 14, 15 was not upregulated (Fig. 3D) . Upregulation of expression of V-ATPase subunits but not of ref (2)P, Atg8a or Lamp1 was consistent with the higher abundance of E-Boxes in conserved regions of the V-ATPase subunit genes analyzed, than in corresponding regions of ref (2)P, Atg8a or Lamp1 (Table S2 ). These data indicate that, similar to vertebrate orthologs, Drosophila Mitf regulates transcription of VATPase subunit genes.
Overall, in Drosophila epithelial tissue, Mitf localizes and acts similarly to vertebrate TFEB.
Expression of Vha16-1 in SOPs depends on Mitf and N signaling
Surprisingly, while expression of most knock-in lines appeared uniform in wing imaginal discs, expression of GFP::Vha16-1, GFP::Vha13 and YFP::Lamp1 appeared patterned (Fig. 3A) , suggesting that function of the lysosome-associated proteins might be developmentally regulated in epithelial tissue. One exclusive feature of GFP::Vha16-1 expression, that is not displayed by GFP::Vha13, is elevated expression in proneural clusters (PNCs), as revealed by colocalization of GFP::Vha16-1 with the PNC marker ac (achaete) ( Fig. 4A; Fig. S1E ). 30 The GFP::Vha16-1 signal is specific to Vha16-1 as the GFP-exon insertion tags Vha16-1 protein and did not alter significantly mRNA expression (Fig. S1F to H) . Also, the GFP::Vha16-1 signal in PNCs is unlikely due to morphology differences between SOPs and surrounding cells or to the transmembrane nature of the protein. In fact, no pattern was observed in wing discs of GFP::CG8668 larvae (Fig. S1I) , in which GFP is tagging the gene coding for the plasma membrane transmembrane glycosyl transferase CG8668/Resille. 31 Finally, elevated expression of endogenous Vha16-1 mRNA could be observed by in situ hybridization (Fig. 4B, arrow) .
In larval wing discs, PNCs straddling the anterior dorsoventral (D/V) boundary are set by a N-instructed wg gradient and gradually develop into SOPs by the N-dependent lateral inhibition process (see Fig. 4C for a schematic of relevant disc regions, PNC patterning and SOP development at the D/V boundary). [32] [33] [34] We found that when the SOPs are formed, elevation of GFP::Vha16-1 expression appeared restricted to cells positive for the SOPs marker neur-LacZ ( Fig. 4D; Fig. S1E ). Remarkably, expression of CD8-GFP, a membrane-tagged form of GFP, under the control of 2 independent Gal4 elements inserted in the 5 0 UTR of Vha16-1 (Vha16-1::Gal4; Fig. S1F ) could be detected in variable subsets of SOPs ( Fig. S1J and K) . Despite the fact that expression of CD8-GFP only partially recapitulated the pattern of GFP::Vha16-1 expression, these data indicate that expression in SOPs is likely to be controlled by the Vha16-1 promoter. This, together with the fact that not all ac or neur-LacZ-positive cells are GFP::Vha16-1-positive and vice-versa (Fig. S1E) , suggests that Vha16-1 expression in SOPs might be tightly temporarily regulated during SOP development.
Interestingly, expression of GFP::Vha16-1 was low in cells positive for E(spl)m4-lacZ (Fig. 4E) , a N target that identifies non-SOP cells, in which N signaling is active, within differentiated PNC cluster. 35 Consistent with this, at the dorso-ventral (D/V) wing margin and in intervein regions, which display high expression of the N signaling reporter E(spl)mb-lacZ, 35 GFP::Vha16-1 and GFP::Vha13 expression was at its lowest ( Fig. 3A; S2A ). Considering such inverse correlation, we assayed whether Vha16-1 expression was downregulated by activation of N signaling. To this end, we overexpressed N intracellular domain (NICD), an active form of N, in the wing pouch with Bx ms1096 -Gal4. By in situ hybridization, we observed that endogenous Vha16-1 expression in the wing pouch was reduced (Fig. 4F ), compared to control discs (Fig. 4B) , or discs overexpressing Mitf (Fig 4G) . Similar results were obtained in GFP::Vha16-1 and GFP::Vha13-expressing discs, but not in YFP::Vha55, GFP::VhaSFD, GFP::VhaAC45 or GFP::CG8668-expressing discs, which display uniform expression (Fig. 4H, Fig. S2B to D), indicating that N could regulate expression of these 2 V-ATPase subunits. To test whether such regulation applies to N-mediated lateral inhibition, we generated ectopic wing margin SOPs by overexpression of the N target E(Spl)m4, which antagonizes N signaling activation, and we found expression of GFP:: Vha16-1 in ectopic clusters marked with an antibody against the SOP marker pebbled (peb; also called hindsight or hnt) (Fig. 4I) . In contrast, ectopic expression of E(Spl) m8, a N target that is known to enforce lateral inhibition, led to disappearance of SOPs differentiation and associated GFP::Vha16-1 expression (Fig. 4J ). This evidence indicates that GFP::Vha16-1 expression follows N-dependent PNC differentiation. During pupal life, SOPs undergo N-dependent asymmetric cell divisions to generate the differentiated cells that compose the adult mechano-sensory organ. 34 Interestingly, elevated GFP::Vha16-1 expression was present in the SOP lineage also during pupal development (Fig. 4K) . Together with the evidence presented above, these data suggest that high levels of Vha16-1 might be crucial for correct SOP establishment and also for subsequent development of mechano-sensory organs.
Changes in V-ATPase subunit expression induced by N activation might correlate with lysosomal functionality. In fact, we have found that in NICD-overexpressing discs LTR puncta were slightly smaller, compared to control ( Fig. 2A and B) . However, this is unlikely due to control of Mitf by N signaling. Indeed, when we monitored expression of endogenous Mift upon overexpression of NICD by QPCR, we found no change (Fig. S2E) . However, elevation of Vha16-1 expression in SOPs depends on Mitf. In fact, when we overexpressed Mitf DN, we found strongly reduced GFP::Vha16-1 expression in existing anterior boundary SOPs (Fig. 4L) . We also found alteration in the stereotypic pattern of SOPs (Fig. 4L arrowheads) , prompting us to evaluate the importance of Mitf in SOP differentiation.
Proneural development is supported by the TFEB-V-ATPase axis
To determine whether Mitf might influence the proneural differentiation cascade that leads to SOP formation, we overexpressed Mitf and Mitf DN in the wing pouch and assessed for possible alteration of patterning of the PNCs and SOPs straddling the anterior D/V boundary that will give rise to the mechano-sensory bristles of the adult wing margin. 34 We found perturbation of PNC patterning as revealed by broadening of expression of the PNC marker Ac, compared to control discs (Fig. 5A, Fig. S2F ). This is unlikely to be due to changes in wg or N signaling because overexpression of Mitf did not change expression of wg and of the N target cut (ct) at the D/V margin, compared to control wing discs ( Fig. 5B and C, Fig. S2F ). To assess SOP differentiation, we analyzed discs expressing neur-GFP or stained for peb or ct, which marks sense organs and non-neuronal cells in the hinge and notum. 36 Interestingly, misexpression of Mitf or Mitf-DN led to loss and ectopic peb-, neur-or ct-positive cells ( Fig. 5C and D, Fig. S2F ). Strikingly, in YFP::Vha55 or GFP::VhaSFD or GFP:: Vha16-1 discs overexpressing Mitf, ectopic and normal pebpositive cells were not present. This is not the case in YFP:: Vha55 discs, which showed a normal pattern (Fig. 5E ). Thus, when high amounts of mutant tagged forms of V-ATPase components are present, the ability of Mitf to generate normal and ectopic SOPs observed in overexpressing discs is prevented, suggesting that Mitf requires V-ATPase to support SOP development. Consistent with this, the wing margin of adult animals displayed missing or ectopic mechano-sensory bristles, similar to animals in which the activity of N target genes of the E(Spl) cluster was modulated (Fig. 5F ). To test whether this is the case also upon impairment of Vha16-1, we used in vivo RNAi (see Fig. S1F for details). Expression of a Vha16-1 RNAi hairpin in the whole wing pouch led to specific reduction of endogenous Vha16-1 mRNA expression and of GFP expression in GFP:: Vha16-1 wing disc, indicating that the RNAi line is on target (Fig. S2G and H) . Expression of Vha16-1 RNAi also led to the formation of an adult wing margin with ectopic SOPs (Fig. 5F ), indicating that the Vha16-1 is involved in correct SOP development.
Interestingly, expression of Vha16-1 RNAi in the pupal notum with pannier-Gal4 (pnr) led to a decrease in size of the adult thorax, which is formed by the fusion of the left and right nota. This phenotype is coupled with depigmentation and misorientation of bristles, a known effect in Drosophila of reduced V-ATPase and lysosomal activity 6, 37 (Fig. 6A) . Importantly, the density of microchaeta, which derive from pupal SOPs, was also increased independent of thorax size (Fig. 6B) , suggesting that reduction of Vha16-1 might weaken N -mediated lateral inhibition during pupal life. These effects are specific to depletion of Vha16-1, as they were rescued by concomitant overexpression of RNAi-resistant Vha16-1 tagged with HA (Vha16-1-HA, see Fig. S1F for details; Fig. 6A and B) . Similar results were obtained by downregulating VhaPPA1-1, the gene encoding the component of the membrane-embedded V 0 sector c" (Fig. S2I) , as previously reported. 38 However, Vha16-1 is not sufficient to promote ectopic PNC formation. In fact, compared to controls, overexpression of Vha16-1-HA per se in the wing pouch or notum did not perturb microcheta formation (Fig. 6B) , suggesting that the patterning activity of Vha16-1 requires additional factors. Overall, these data indicate that Mitf and components of the V-ATPase might be functional elements of the proneural patterning machinery in wing discs epithelia.
PNCs possess a distinctive lysosomal compartment
Is the function of V-ATPase and Mitf in proneural development linked to regulation of the endolysosomal system? To assess this, we tested whether PNCs possess an endolysosomal compartment that is different to that of surrounding cells. Consistent with observations in Figs. 1 and 2 , expression of YFP:: Lamp1 was mildly upregulated in PNC regions abutting the D/ V margin, whereas we did not detect significant differences in endogenous expression or localization of Mitf across the wing pouch (Fig. 7A) . To further assess lysosome abundance, we labeled acidified compartments in the disc with LTR. We found that LTR incorporation was high in PNCs compared to other epithelial cells of the disc, suggesting that PNCs might possess more lysosomes than surrounding cells (Fig. 7B) . Upon ubiquitous expression of GFP-hLamp1 in the disc with actin-GAL4, we found that PNCs were more GFP-positive than surrounding cells (Fig. 7C) . GFP-hLamp1 is a lysosome-anchored GFP form that has been developed as a sensor for lysosomal degradation, because the GFP is exposed to the lysosomal lumen, where it is degraded by resident hydrolases. In conditions of impaired lysosome function, GFP-hLamp1 is less degraded leading to a high GFP signal. 9 Thus, PNC cells possess lysosomes with less degradative capacity than surrounding cells. In contrast, localization of Syx7 (Syntaxin7), a marker of early endosomes, 40 was uniform across the disc tissue (Fig. 7D) . Consistent with previous evidence indicating transcriptional down-regulation of N in PNCs, 41, 42 we found that overall N protein levels in the endolysosomal system of PNCs were lower than in the rest of the disc (Fig. 7D) . We next determined N stability in the endolysosomal system of PNCs and pro-vein cells. To this end, we analyzed expression of Ni-GFP4-Cherry5, a functional N form tagged with fast-maturing, pH-sensitive GFP and a slowmaturing, pH-insensitive mCherry. It has been recently reported that the GFP signal of such N form indicates the newly synthetized N found at the plasma membrane, while the mCherry signal highlights old N molecules that reach the endolysosomal compartment on their way to degradation. 43 Using this sensor, we found that the amount of mCherry-positive N in the endolysosomal compartment was higher in the PNCs than in surrounding cells (Fig. 7E) . Overall, these data indicate that PNCs might possess an expanded, less degradative and more N -rich lysosomal system than surrounding cells.
Endolysosomal regulation by TFEB-V-ATPase in human epithelial cells
We and others previously reported that V-ATPase sustains N signaling activity in Drosophila epithelial tissue.
9,10 Recently, we have shown that mild reduction of V-ATPase activity affects N signaling also in human MCF10A breast epithelial cells in culture, which endogenously express N receptors, 7 suggesting that MCF10A cells could be a relevant model to study the impact of the TFEB-V-ATPase axis on functionality of the endolysosomal system and on N signaling activation. Acute treatment of MCF10A cells with the V-ATPase inhibitor bafilomycin A 1 (BafA1) or with FCCP, which dissipates lysosomal acidification without impairing V-ATPase activity, 44 led to strong reduction in LTR incorporation when compared to mock-treated controls or cells treated with the g-secretase
, that blocks N signaling activation (Fig. 8A) . In sheer contrast, chronic reduction of V- ATPase activity by treatment with a very low dose of BafA1 (3 nM) over 7 d, a regimen that did not prevent MCF10A growth (Fig. S2J) , 7 caused expansion of the lysosomal compartment, as revealed by LTR incorporation or LAMP1 staining. Similar effects were found 7 d after siRNA-mediated downregulation of ATP6V0C/V-ATPase subunit c expression ( Fig. 8B and C). In these conditions, phosporylation of RPS6KB/S6K and maturation of CTSD (cathepsin D), which are measures of MTOR signaling and lysosomal activity, respectively, 13,45 were impaired ( Fig. 8D and E) . Consistent with the described compensatory feedback loop between TFEB and V-ATPase activity, 27 the effects described above correlated with increased localization of TFEB in the nucleus (Fig. 8F) . These data indicate that in MCF10A cells lysosomal compartment size and function are inversely correlated by the activity of the TFEB-VATPase axis.
To test whether in MCF10A cells V-ATPase might sustain N signaling via TFEB, we reduced TFEB expression by RNAi. We found that TFEB knockdown led to reduced expression of ATP6V0C, the human ortholog of Vha16-1 (Fig. 8G ). In addition, TFEB knockdown decreased basal N signaling activity by 50%, a reduction that is similar to knockdown of the g-secretase component PSENEN or of NOTCH1, the main N receptor expressed by MCF10A 7 (Fig. 8G) . The observed reduction in N activity was most likely ligand-independent, as no reduction was observed by efficient knockdown of ADAM10, which is required for ligand- dependent N activity (Fig. 8G) . 46 These data indicate that in MCF10A cells, TFEB is required to sustain basal levels of ligandindependent N signaling activity, which has been proposed to originate in the endolysosomal system in Drosophila. 47 To assess how N signaling activation in MCF10A cells could be regulated by changes in the endolysosomal system, we assayed activity of g-secretase, the enzyme that catalyzes the final cleavage of the N receptor during proteolytic activation. To this end, we treated cells with the BafA1 or with the proton ionophore carbonyl cyanide-p-trifluoreomethoxyphenylhydrazone (FCCP). We then measured g-secretase activity on a cellular fraction containing endosomes and lysosomes and observed that upon BafA1 or FCCP treatment, g-secretase activity was reduced to an intermediate level, when compared to the mocktreated control, or to cells treated with g-secretase inhibitor DAPT (Fig. 8H ). In addition, we analyzed expression of N receptors. Compared to mock-treated cells, we observed a reduction in the expression levels of N receptors and of lysosomal genes, but not reductions of GADPH, a housekeeping gene ( Fig. 8I; S2K ). These data indicate that reduced N signaling activity in cells with low V-ATPase activity might be due to reduced g-secretase cleavage or to N expression or both. Overall, these data suggest that regulation of lysosomal activity by the TFEB-V-ATPase axis might sustain N signaling. 
Discussion
In this study, we report that Drosophila Mitf regulates lysosomal biogenesis and expression of subunits of the V-ATPase pump. In epithelial tissue, we find that Mitf resides in lysosomes and, when overexpressed, in the nucleus, where it is transcriptionally active. These observations are in accordance with findings in mice and C. elegans in which TFEB (HLH-30 in C. elegans) moves to the nucleus to induce lysosomal biogenesis and autophagy 11, 20, 48, 49 and reveal for the first time that Drosophila Mitf is the functional ortholog of mammalian TFEB. Interestingly, we show that, differently from mammalian cells, Drosophila Lamp1, Atg8a and ref(2)P are not modulated by Mitf in wing discs and that their promoters do not contain as many and as conserved E-Boxes as V-ATPase subunits. In addition, we find only slight changes in the protein level of Atg8a and ref (2) P in the wing tissue in overexpressing discs. This evidence suggests that the set of Mitf-TFEB target genes in Drosophila might be limited compared to other metazoans and mostly restricted to V-ATPase subunit genes.
Interestingly, in wing discs we observed a diverse expression pattern of Lamp1 and of Vha16-1 and Vha13 encoding 2 subunits of the V-ATPase, which are transcriptionally controlled by Mitf. This indicates that key components of lysosomes are developmentally regulated and follow patterning of disc during development. Mis-expression experiments in vivo also revealed that Mitf might act downstream of developmental signaling to regulate expression of V-ATPase subunits and proneural differentiation. Mitf is unlikely to crosstalk to or interfere with bHLH factors involved in PNC development, such as E(Spl) because patterning perturbations are observed also by overexpression of Mitf DN, which is unable to bind DNA. 24 Thus, our findings strongly suggest that the developmental and lysosomal biogenesis function of the TFEB-MITF bHLH family of transcription factors coexist in a single gene in Drosophila and might in large part coincide. Further experiments will be needed to address the molecular nature of the interplay between Mitf and VATPase subunit genes with factors involved in proneural development.
A complication to the scenario proposed above is that the expression pattern of Vha55, VhaSFD and VhaAC45 is uniform in the discs and unchanged by modulation of developmental signaling. Vha16-1 encodes subunit V0c that, together with the product of VhaPPA1-1, constitute the membrane-embedded proteo-lipidic ring, the rotor of V-ATPase, while VhaAC45 encodes a subunit that has been recently suggested to cap the proteo-lipidic ring on the lumenal side. 50, 51 Vha13 encodes subunit V1G that forms with V0a and V1E the 3 stalks that make up the stator of V-ATPase. Finally, Vha55/V1B encodes part of the ATPase motor (peripheral membrane V 1 domain), while VhaSFD/V1H, that in yeast prevents ATPase activity of the V 1 catalytic domain when not assembled on the V 0 proteolipidcontaining proton channel. [50] [51] [52] Indeed, the motor is thought to be removed upon low nutrition states in both yeast and insects, 53, 54 although recent in vivo yeast experiments and in vitro experiments in mammals suggest a more subtle rearrangement rather than complete separation, with the only release of Vha44/V1C, a known regulator of nutrient-mediated coupling of the V 1 and V 0 sector. 55 Thus, it is not clear whether the differences in expression that we observe reflect a particular part of the pump, nutrients coupling or moonlighting functions of single subunits. Interestingly, we have recently shown that forced expression of Drosophila Vha44, encoding V1C, results in a sharp increase of GFP::Vha16-1 and decrease in GFP:: VhaSFD in wing discs, 56 indicating that pump functionality in vivo involves complex and currently unclear regulation of subunit expression and/or turnover. Despite this, the common aspect of Vha16-1 and Vha13 patterned expression, and the similar phenotypes of downregulation of Vha16-1 and VhaPPA1-1 and the ability of mutant Vha55 and VhaSFD to interfere with the effect of Mitf overexpression on SOP development, all suggest that pump activity, rather than moonlighting functions of the single subunits, might be the developmentally important function. In contrast, the strong elevation of expression in SOPs, which is exclusively observed for Vha16-1 and which is maintained during pupal life, could hint to additional moonlighting functions of Vha16-1 that might not involve the V-ATPase pump. Concerning this, the proteo-lipid ring is thought to assist membrane-fusion processes, 57, 58 while Vha16-1 has been reported to be part of the gap junctions. 59, 60 A possible reason for modulated V-ATPase subunit expression might be the necessity to change functionality of endolysosomal compartment of differentiating cells. In mammals, cell differentiation from monocyte to macrophages results in a large expansion of the lysosomal compartment and increased V-ATPase expression. 61 In vivo and in human cells, we observed differences in the distribution and functionality of endolysosomal compartments in the PNC regions that in part correlate with changes in expression of V-ATPase components. Differences in lysosomal compartment distribution and activity could be a mode of biasing signaling by altering endocytic trafficking, a major route of signaling regulation. 62 We propose that one of the signaling pathways most impacted by regulation of lysosomal function might be N signaling. This evidence is in accordance with previous reports in Drosophila showing that V-ATPase activity is required for N signaling activation and for bristle specification. 9, 10, 38 Several studies have demonstrated that N activation is exquisitely sensitive to endolysosomal events. 47, [63] [64] [65] [66] Thus, differences in V-ATPase expression and Mitf activity could channel N into specific compartments for either N receptor stabilization and signaling activation, or to accelerate receptor degradation, ultimately reducing signaling. Such scenario is likely to apply specifically to ligand-independent N signaling activity that has been shown to enhance N signaling activation in different Drosophila epithelial organs including follicle cells, blood cells and wing imaginal discs. 47, 64, 67 Recent work has also demonstrated the existence of alternative routes of N activation in mammalian cells. 68 In line with this, our experiments in human cells indicate that rising of the pH, either by reducing V-ATPase activity or by dissipating pH irrespective of V-ATPase, results in reduced basal N activation correlating with reduced g-secretase activity. In support of this, evidence suggests that pH might also control g-secretase efficiency, a process that could boost signaling activation at early steps of PNC development. 69 Overexpression in Drosophila wing imaginal discs of Trpml/Mucolipin, a lysosomal calcium channel that is a target of TFEB, 14 strongly enhances ligand-independent activation of Notch, which is calcium-sensitive. 47, 70 Interestingly, lysosomal calcium regulation has been recently implicated in regulation of TFEB activity in mammalian cells. 71 Thus, it is possible that ligand-independent basal activation of N might be an integral part of TFEB regulatory loops. Together with modulation of N signaling, we also observe changes in expression of NOTCH and other genes that might indirectly result from the TFEB-mediated transcriptional regulation associated with rearrangement of the endolysosomal compartment. Whether N phenotypes are dependent on MTOR, TORC1 and nutrient metabolism, which in mammalian cells operate with TFEB at the endolysosome, 13, 72 remains to be assessed. In summary, we propose a model (Fig. 9 ) for early step of PNCs development in which Mitf and components of VATPase might be important to set the correct level of N signaling activity. Although it requires further testing, such model integrates the developmental and lysosomal functions of the TFEB-Mift family of bHLH transcription factors and might provide a framework for our understanding of misregulation of the TFEB-V-ATPase axis in cancer.
Materials and methods

Genetics
The GFP trap lines GFP::Vha16-1 (G00007), GFP::VhaAC45 (ZCL0366), GFP::Vha13(CA07644), YFP::Vha55 (CPTI100063), GFP::VhaSFD (G00259) were obtained from large-scale random transposon insertion projects. 28, 29 The YFP::Lamp1 insertion line CPTI001775 is from the Drosophila Genomics and Genetic Resources (DGGR, Kyoto, Japan). P{EPgy2}VhaSFD EY04644 (15758) . The Vha16-1-Gal4 lines NP5271 and NP3437 were obtained from from DGGR. UAS VhaPPA1-1 RNAi (v47188) is from the Vienna Drosophila Rnai Center (VDRC, Vienna, Austria). UAS NICD was a gift of M. Fortini (Thomas Jefferson University, Philadelphia, PA USA). E(spl)mbLacZ, and E(spl)m4-LacZ were gifts from E. Lai (Memorial Sloan Kettering Cancer Center, New York, NY USA). UAS Mitf and UAS Mitf EA (DN) were gifts of F. Pignoni (SUNY Upstate Medical University, Syracuse, NY USA). neur-GFP and NiGFP4mCherry5 43 were gifts of Francois Schweisguth, ActGal4, GFP-hLamp1 was a gift from Helmut Kramer (UT Southwestern, Dallas, TX USA). UAS E(spl)m8, and m4 were gifts of C. Delidakis (IMBB, Heraklion, Greece). Misexpression in either larval or adult tissues was achieved using the Gal4-UAS system. 73 Genotypes of the experiments presented in the figures are listed in Table S3 .
Generation of transgenic Drosophila lines
For the generation of the UAS Vha16-1-HA fly strain, we cloned the Vha16-1 gene using the following primers: forward 5 0 GATCGAATTCATGTCTTCTGAAGTGAGCAG 3 0 and reverse 5 0 GATCTCTAGATTAGGCGTAGTCAGGCACGTC GTAAGGATATTTCGTGTACAGGTAAATGGC 3 0 . The HA tag was inserted at the C terminus of the protein. The amplicon of Vha16-1-HA was inserted into the pUAST expression vector and injected into the ZH-86fb landing site (Basler lab). Transgenesis was performed by Genetic Services, Inc.
Genomic DNA extraction
Files were homogenized with a pestle in lysis buffer (100 mM Tris-HCl, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.5% SDS [Sigma, T3253, E9884, S9888, L4522, respectively]) and proteinase K (Sigma, P2308). After incubation for 30 min at 70 C, a solution composed of 1 part 5 M KAc and 2.5 parts 6 M LiCL was added to the mix (Sigma, P1190, L0505). Isopropanol and 70% ethanol (Sigma, 190764, 459844) were then added to allow DNA precipitation. DNA was resuspended in autoclaved water and 1 ml of genomic DNA was used as a template for PCR reactions.
Production of a polyclonal antibody against the first 4 exons of the Drosophila Mitf A polypeptide that lacks the basic helix-loop-helix leucine zipper domains was selected as immunogen to prevent cross-reactions with other bHLH-Zip proteins. A fragment of the whole Mitf cDNA was amplified by PCR using the Taq Polymerase (Promega, M3175), using a template genomic DNA of flies carrying the construct UAS Mitf 24 and the following primers: BamHI-1st exon Mitf: 5 0 GATCGGATCCATGACGGAATCTGGAATCG 3 0 ; SalI-4th exon Mitf: 5 0 GATCGTCGACTTACGAATGATGG-TAGCTCAGAGAC 3 0 . The PCR product was inserted into the prokaryotic expression vector pGEX, containing the GST sequence (pGEX-GST), using BamHI and SALI sites. Expression was carried out in the E. coli rosetta (Millipore, 70956) adding IPTG 0.5 mM overnight at 18 C. Purification was performed by the IFOM antibody-service facility according to standard protocols. Purified peptides were consigned to Eurogentech for rabbit immunizations. Sera affinity purification was performed by the IFOM antibody-service facility, using AminoLink® Kit (Pierce Biotechnology, 44890).
Immunohistochemistry
Drosophila immunostainings were performed as described previously. 74 For immunostaining experiments in human cells, MCF10A cells were fixed in 4% PFA at room temperature (RT) and permeabilized in 0.1% Triton X-100 (Sigma, T8787) diluted in phosphate-buffered saline (PBS 1X; Sigma, P5493). They were then incubated in 3% BSA (Sigma, A9418) dissolved in PBS 1X blocking solution for 30 min and incubated at RT in primary antibody diluted in blocking solution for 1 h followed by incubation at RT with secondary antibody diluted in PBS 1X for 1 h. The following Drosophila primary antibodies for the following antigens were used: Mitf (Rabbit 1:200); GFP (chicken 1:1000; Abcam ab13970); ref (2) 
In situ experiments
Single strand sense and antisense RNA probes for Vha16-1 and Mitf were generated using the following primers:
T7-Vha16-1_fwd: 5 0 TAATACGACTCACTATAGGGA-GAGTGTCAAGCCAATGAGCAAC 3 As templates we used a plasmid carrying the Vha16-1 cDNA (pFLC-I RH30178) or the genomic DNA from UAS Mitf flies.
PCR product has been used as a template for in vitro transcription with the T3/T7 polymerase (Promega, P207B/P208C) according to manufacturer's instructions.
In situ experiments were performed in wing imaginal discs. One probe lacking the most conserved basic HLH-Zip (bHLHZip) domain was used against Mitf mRNAs. This probe has been designed to prevent cross-reactions with other mRNAs encoding bHLH-Zip proteins. One probe used for Vha16-1 was designed in the 4th exon. The probes were labeled with digoxigenin-UTP (Roche 11209256910) and expression patterns revealed using anti-digoxigenin antibodies conjugated to alkaline phosphatase (Roche, 11093274910). Alkaline phosphatase activity was revealed using the NBT and BCIP substrates (Roche, 11383213001 and 11383221001).
LTR assay
The LTR assay was performed by adding LTR (DND-99; Life Technologies, L-7528) directly into the culture medium of cells or to M3 medium (Shields and Sang M3 insect medium (Sigma, S3652) of ex vivo wing discs after dissection. Cells or wing discs were incubated for 30 and 5 min respectively in medium containing 1 mM LTR. They were then rinsed twice with PBS1X and mounted immediately in antifade-glycerol 1:1 solution for confocal examination. Where indicated, MCF10A cells were pretreated for with 3 nM BafA1 (Sigma, B1793), 3 mM DAPT (Sigma, D5942), 1 mM FCCP (Sigma, C2920) or as DMSO (Euroclone, EMR385250) for the indicated periods or the indicated genes had been knocked down for 7 d prior to the LTR assay.
Quantifications
To quantify colocalization of YFP::Lamp1 with Mitf, wing imaginal discs were immunostained using anti-GFP and antiMitf antibodies. Images were recorded as optical z-sections. Three sets of z-stack of 20 sections each with step size of 0.24 mm were analyzed using imageJ for each sample. Clear and distinct YFP::Lamp1-positive compartments were selected blindly with no other channel visible using a region of interest (ROI) with a surface area of 4 mm 2 . Each YFP::Lamp1 compartment was subsequently manually assessed for colocalization with Mitf. 240 ROIs were analyzed for each sample in total and score for "overlap," "no overlap" or "proximity" colocalization of the 2 signals.
For quantification of LTR analysis, optical sections corresponding to 6 fields of 3 independent wing discs for each sample were analyzed. Particles with a discrete dimension size that ranged from 5 to infinity pixels were then considered. For each particle the following measurements were performed: number of puncta, area of puncta, integrated density density of puncta (sum of the pixel intensities divided by the number of pixels).
To count bristles, adult torax microchaete of female's nota were considered. The area of each notum was measured and the density of bristles calculated by dividing number of bristles by the area.
Cell culture and siRNA knockdown of human cells MCF10A cells were cultured in DMEM/F12 (1:1; Invitrogen, 31331-093) supplemented with 5% horse serum (Invitrogen, 16050-122), 10 mg/ml insulin (Roche, 11376497001), 0.5 mg/ml hydrocortisone (Sigma, H0888-1G), 100 ng/ml cholera toxin (Sigma, C8052-2mg) and freshly added 20 ng/ml EGF (Vinci Biochem, BPS-90201-3).
To knock down genes, siRNA against the desired genes were transfected into MCF10A cells using lipofectamine RNAi-Max transfection reagent (Invitrogen, 13778-150) remove following the manufacturer's instructions. After transfection, the cells were placed under normal cell culture conditions for the indicated time. Then, samples were processed for RNA or protein extraction or immunofluorescence. siRNA duplexes against all genes were purchased from Dharmacon (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Q-PCR assays
Wing imaginal discs (40 discs per sample) were dissected in Shields and Sang M3 insect medium (Sigma, S3652) and total RNA was extracted using TRIZOL Reagent (invitrogen, 15596-026) and RNAase Mini kit (Qiagen, 74104). In human cells, 72 h after siRNA transfection, the cells were harvested for the Q-PCR assay by scraping them in 1 ml of ice cold DPBS (Thermo Fisher Scientific). They were then pelleted by centrifugation at maximum speed for 5 min. The RNA was extracted from cells using the RNAeasy mini kit following the manufacturer's instruction. cDNA from both wing discs and human cells was generated from 1 mg of RNA using the SuperScript VILO cDNA Synthesis kit (Invitrogen, 11754050), according to manufacturer's protocol. 5 ng of cDNA was amplified (in triplicate). RT-PCR was carried out on the ABI/Prism 7900 HT Sequence Detector System (Applied Biosystems, Carlsbad, CA, USA), using a pre-PCR step of 10 min at 95 C, followed by 40 cycles of 15 To assay Mift expression, the following Applied Biosystem (Applied Biosystems, Carlsbad, CA, USA) probes were used: Mitf: Dm02749950_m1 RPL32: Dm02151827_g1. Amplicon expression in each sample was normalized to the mRNA content of the housekeeping gene RpL32-RA. Note that ms1096-Gal4 is expressed in approximately 50% of the disc tissue. The following Applied Biosystem probes for human genes were used: HES1: Hs00172878_m1, NOTCH1: Hs00413187-m1, NOTCH2: Hs00225747-m1, NOTCH3: Hs00166432_m1, GADPH: Hs99999905_m1, ATP6V0C: Hs00798308_sH, ATP6V1A: Hs01097169_m1, GNS: hs00157741_m1, MCOLN1: hs00220937_m1, PSENEN: Hs00708570_s1, TFEB: hs01065085_m1 and ADAM10: Hs00153853_m1. The reactions were performed by the IFOM-Q-PCR service facility.
Western blots
Wing imaginal discs (50 discs per sample) were dissected in M3 medium, then lysed in RIPA buffer freshly supplemented with protease inhibitors (Calbiochem, 539134). MCF10A cells were treated by adding 3 nM BafA1 or DMSO as negative control directly into the medium. The cells were placed in normal culture conditions for the indicated time before harvesting for western blot. Cell pellets were resuspended in appropriate volumes of RIPA buffer freshly supplemented with protease inhibitor cocktail set III (Calbiochem, 539134). The cell lysate was then cleared by centrifugation at full speed at 4 C for 30 min. The supernatants were recovered and quantified by standard methods. Samples from both wing discs or cells were denatured by adding b-mercaptoethanol containing loading dye and by heating for 5 min at 98 C. They were then resolved on 8 -12% polyacrylamide gels. After blotting onto nitrocellulose membranes, the membranes were stained with rabbit anti-Mitf diluted at 1:1000; anti-CTSD/cathepsin D (goat, 1:500; Santa Cruz Biotechnology, sc-6486); anti-phospho-RPS6KB/pS6K (Thr389; rabbit, 1:1000; Cell Signaling Technology, 9205); anti-RPS6KB/p70 S6 Kinase (rabbit, 1:1000; Cell Signaling Technology, 2708). Normalization of cell extracts was performed with mouse anti-aTub84B (1:10,000; Sigma, T6074) anti-LAMP1 (rabbit, 1:300; Sigma, L1418) or mouse-anti VCL/Vinculin (1:5000; Sigma, V4139). Goat anti-rabbit, goat anti-mouse (1:8000) HRP-conjugated secondary antibodies (GE Healthcare, NA934 and NXA931) were used. Signal was detected using Pierce ECL Western Blotting Substrate (Thermo Scientific, 34080-34095), and imaged using a Chemidoc molecular imager (Bio-Rad, Hercules CA USA).
Gamma-secretase assay
To perform the g-secretase assay, 80% confluent MCF10A cells were pretreated for 3 h with 3 nM BafA1, 1 mM FCCP, DMSO as negative control or with 3 mM DAPT as a positive control (Sigma B1793, C2920, D2650, D5942, respectively). The treated cells were then scraped in 1 ml of ice cold fractionation buffer (1 mM EGTA, 50 mM sucrose, 20 mM HEPES, pH 7.4) supplemented with freshly added 5 mM glucose, protease inhibitor cocktail at 1:200, and the respective compounds used for pretreatment (All from Sigma, St. Louis, MI USA). Cells were then homogenized by passing through a 23 G needle 5 times. The homogenate was then centrifuged at 2000 g at 4 C to remove the nuclei, unbroken cells and large cellular debris. The postnuclear supernatant was collected and centrifuged at maximum speed at 4 C for 20 min to pellet the light endomembranes which were then resuspended in 1 ml of fractionation buffer containing the respective compounds and prewarmed at 37 C.
8 mM g-secretase fluorogenic substrate (Calbiochem, 565764) was then added to each light endomembrane suspension and mixed well. The g-secretase fluorogenic substrate is internally quenched and only fluoresces when cleaved by g-secretase. The light endomembrane suspensions were then transferred into black 96 multi-well plates (Corning, New York, NY USA) in triplicate (200 mL per well) and incubated at 37 C for 12 h before reading fluorescence. Fluorescence measurements were taken using a Wallac 1420 VICTOR plate reader (Perkin Elmer, Waltham, MA USA).
Sequence analysis
Genome alignments (maf files) for the genomes of D. melanogaster (dm6), D. simulans (droSim1), D. yakuba (droYak1), D. erecta (droEre2), D. pseudoobscura (droPse3), D. miranda (droMir2), D. ananassae (droAna3), D. virilis (droVir3), D. grimshawi (droGri2) and D. mojavensis (droMoj3) were obtained from the UCSC genome database. Maf files were processed and realigned according to the phylCRM algorithm's genome preparation 75 and aligned regions in the range ¡2000 to C2000 from the transcription start site were extracted for analysis.
Extracted genomic regions were searched for occurrences of potential Mitf sites according to the rules presented for the core CANNTG binding 76 and for the base specificities in the first flaking sites 5 0 and 3 0 of the E-boxes. 77 
Statistical analysis
Mitf colocalization data were subjected to a Chi-square test, with Bonferroni correction for multiple comparison analyses. Bristle data and LTR data were subjected a Kruskal Wallis Test with the Dunn multiple comparison relative to control. All analyses were performed with imageJ and statistically analyzed and graphed with GraphPad Prism. 
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